The study aimed to evaluate the quality of the hybrid layer form by three different adhesive systems. Class V cavities were prepared on the buccal surface of fourty extracted human premolars. The prepared teeth were randomly assigned into four groups according to the adhesive system and application mode. The systems were: Optibond S (OS, total-etch); Optibond Versa (OV, two-bottles, self-etch); Single Bond Universal (SBU, one-bottle, self-etch) and Single Bond Universal with etchant (SBU + etchant). All cavities were restored with composite (Filtek Z350XT). The samples were sectioned, polished and pretreated to remove minerals, protein and water prior to SEM evaluation. From the images, thickness of the hybrid layers was measured. Present of resin tags and adaptation failure were also recorded. The data obtained were analyzed using ANOVA, Dunnett's T3, Kruskal-Wallis and Mann-Whitney tests. OS group showed the highest average hybrid layer thickness (4.34 µm), followed by SBU + etchant (3.06 µm), OV (1.91 µm) and SBU (0.95 µm). Both adhesive and cohesive failures were observed in SBU group. Present of prominent resin tags were seen in both OS and OV groups. In conclusion, all the investigated adhesive systems were able to perform distinguishable actions as shown in micro-morphological alteration and hybrid layer thickness. Two-bottles, selfetch adhesive (OV) was proven to produce negligible adaptation failure compared to other adhesive systems in the present study. Combined all-in-one adhesive (SBU) was found to render a superior bonding performance in total-etch mode comparing to self-etch mode.
INTRODUCTION
In the past four decades, adhesive dentistry has revolutionized restorative dental practice with the progressive improvement in adhesive materials. Reliable and long lasting resin-based composite fillings are currently available for aesthetic tooth colored restorations. Evolution of the first generation of adhesive system to the current adhesive materials was inevitably aiming at simplification of clinical procedures such s reduction of the application time and steps.
It has been widely accepted that acid conditioning of the enamel as pretreatment prior to the application of the composite resin (1) . The acid etchant completely removed the smear layer and smear plugs which then allows capillary penetration of adhesives into the etched enamel surfaces to form resin tags. The resin tags provide micromechanical interlocking bond between enamel and resin (2) . However, bonding of resin to dentine was proven to be more complicated than bonding to enamel (3) . This is due to the complex morphology and chemical composition of the dentine, specifically with respect to its moisture and high organic content. After selective demineralization of the dentine, application of a suitable intermediate layer which is dentine adhesive seems to be a solution. The adhesive should penetrates the exposed collagen fibre network and infiltrate into the dentinal tubules (4, 5) . The interface between the dentine and adhesive is called 'hybrid layer'. This layer was first described by Nakabayashi (6) in order to explain the phenomenon of dentine bonding.
Over the years, durability and reliability of adhesives restoration have been promoted by the advancement of adhesive systems (7) . From the Buonocore era to present, there are several factors that characterize the change in adhesive systems: enamel etching, dentine etching, modification of the smear layer, and handling properties. Adhesive systems are usually categorized by generation based on when they were introduced, with the newer generation claiming to be superior over the earlier generation (e.g., self-etch and total-etch). There is also another classification that uses the number of bottles or steps rather than the generation. This type of classification is based on total-etch and self-etch mode of applications (8) .
THE EFFECT OF DIFFERENT DENTAL ADHESIVE SYSTEMS ON HYBRID LAYER QUALITIES
Total-etch adhesive systems is known to produce efficient and stable bonding to enamel and dentine through production of higher resin-dentine bonds that are more durable than most one-and two-step self-etch adhesives (8, 9) . Initially, only the enamel surfaces were etched. Later, the etchant was extended to dentine surface. When hydrophilic monomers were introduced, a reliable bond to dentine was achieved of which enabled resin penetration of dentine due to wetting of the dentine (10, 11) . This system is marketed as either two-bottle or three-bottle system. Bonding agent and primer are combined in the two-bottle system, whereas in the three-bottle system, a primer needs to be applied prior to bonding agent. Despite being commonly referred to as three-bottle or two-bottle system, etchants are usually delivered in a syringe rather than in a bottle. Phosphoric acid with varying concentration (10% to 40%) was often used as the main component in the etchant. Precaution must be taken not to over etch and over expose the dentine to the etchant (12) as it may cause the collagen fibre network to collapse hence preventing successful infiltration of the adhesive material.
Self-etch adhesive system reduces the number of steps needed for bonding to enamel and dentine. They consist of either a two-step system that comprise the use of a primer with added etchant followed by the bonding agent (two separate bottles), or a single step system that integrates all steps into one. This single step system use either a solution in one bottle or two separate bottles that require premixing prior to application.
Previous studies showed a superior result of bonding with total-etch compared to self-etch adhesive systems (13, 14, 15) . However, both the total-etch and self-etch adhesive systems are effective for dentine bonding despite of the formation of thinner hybrid layer by the later system (16, 17, 18) .
A good adaptation between tooth surface and the restorative material is very important for the survival of a restoration. Previously, two main types of adaptation failures have been observed (19) . Firstly, is the adhesive failures which occur either between the adhesive and dentine or adhesive and composite restoration. The second type of failure is known as cohesive where there is internal breakdown of the adhesive itself (20) . The combination of adhesion and cohesion will determine the overall bonding strength in every restoration involving an adhesive and a substrate.
Currently, there are many new adhesive systems available in the market with each product claimed by their manufacturers to perform better compare to the others. However, there is lack of studies that evaluate the bonding efficiency for these latest adhesive systems. One of the first and most widely accepted tools to evaluate the quality of the hybrid layer and the present of adaptation failures is the scanning electron microscope or SEM (21) . Therefore, the objectives of the present study were to evaluate the thickness of the hybrid layer, present of the resin tags, present of adhesive and/or cohesive failures in dentineadhesive bonded interfaces of the three latest adhesive systems (Optibond S, Optibond Versa and Single Bond Universal) using SEM. The null hypothesis was that there are no differences in the micro-morphological appearance of the dentine-adhesive bonded interfaces of the three evaluated adhesive systems.
MATERIALS AND METHODS
Approximately fifty freshly extracted sound human premolars were collected from several clinics in Malaysia. However, only teeth which were free from decay, cracks or restorations were selected for this study. Soft and hard tissue deposits were cleaned with pumice and removed using ultrasonic scaler. The teeth were then disinfected using 0.5 % Chloramine T for a week, stored in distilled water and placed in an incubator at 37°C before use.
Class V cavities were prepared using straight diamond burs in a high-speed water-cooled handpiece at 1 mm above the cementoenamel junction on the buccal surface of the premolars. Dimensions of each preparation were 4 mm mesiodistally, 2 mm occlusogingivally, 1.5 mm depth and 90° cavosurface angles. A bevel was made on the enamel part of each cavity using a flame-shaped bur. The teeth were then randomly divided into four groups of ten specimens each. The materials used in this study and their compositions are presented in Table 1 .
The prepared teeth of each group were restored following the manufacturers' instruction. Prior to placement of the composite: In Group 1 (OS), the cavities were etched with etchant for 15 s on the enamel and 10 s on the dentine. The cavities were then rinsed thoroughly and gently air dried. This was followed by application of bonding agent for 15 s, air thinned for 3 s and then light cured for 20 s. In Group 2 (OV), the cavities were treated with a two-bottle system, self-etching bonding agent where primer was applied for 20 s using scrubbing motion and air thinned for 5 s. Next, adhesive was applied for 15 s, air thinned for 5 s and then light cured for 10 s. In Group 3 (SBU), the cavities were treated with a single bottle in self-etching mode. The cavities were scrubbed with adhesive using a microbrush for 20 s, air dried for 5 s and then light cured for 10 s. In Group 4 (SBU + etchant), the cavities were treated with SBU in total-etching mode where the etchant was applied on both enamel and dentine surfaces. This was followed by the same procedures as in Group 3. All class V cavities were then restored with composite using incremental technique and each layer was light cured for 40 s. The restored teeth were mounted vertically using clear cold curing epoxy resin (Mirapox 950-230 A) in plastic holder according to the four different groups. Subsequently, the teeth were sectioned bucco-lingually through the restoration with a low-speed precision cutter (Micracut 125). Each tooth was sliced as such to produce one specimen, approximately 3 mm in width, with a flat surface on both sides. Ten specimens for each group were prepared resulting in a total number of fourty specimens. The specimens were then polished for few minutes with an increased grit of silicon carbide paper (600 grit, 800 grit, 1000 grit) under running water (22) . Next, the specimens were immersed in distilled water and placed in the ultrasonic bath to remove the smear layers and debris.
The specimens were then demineralized using 6N HCl for 1 min, rinsed in distilled water, deproteinized with 12% NaOCl for 10 mins, followed by another rinsing with distilled water. The specimens were then cleaned with ultrasonic cleaner to completely remove the chemicals. Next, the samples were dehydrated in ascending concentration of ethanol (25% for 20 mins, 50% for 20 mins, 75% for 20 mins, 95% for 30 mins, 99% for 60 mins) (23) . After dehydration, the samples were kept in a petri dish at room temperature for 24 hrs. The evaluation of the resin-dentine interface of the specimens was conducted using low vacuum SEM (Quanta-FEG 50, FEI, Germany). A minimum of three SEM images were taken for each sample. The working distance and magnification were standardized for each image.
EVALUATION CRITERIA
The general aspect of resin-dentine interface after the application of adhesive and hybridization was examined, with particular attention being paid to:
• Thickness of the hybrid layer • Resin tags (presence or absence); • Adaption failure (adhesive or cohesive failure).
STATISTICAL ANALYSIS
The data obtained were analyzed using Statistical package for the social science (SPSS) software version 12.0.1 for Windows. Descriptive data were expressed as mean [± standard deviation (SD)]. Numeric values were compared with t-test and One-way ANOVA or non -parametric Mann-Whitney U and Kruskal-Wallis tests, where appropriate. Post-hoc test was performed for further multiple comparison and the results were reported with a Benferroni method adjustment.
RESULTS
The mean average thickness of the hybrid layers are displayed in Table 2 . Statistical analysis was performed using one-way ANOVA and Dunnett's multiple comparison at a 95% confident interval. The hybrid layer thickness for all groups were significantly different (p = 0.000). The mean average hybrid layer thickness were significantly different (p < 0.05) between Group OS and Table 3 . Statistical analysis was carried out using Kruskal Wallis test. Statistical result showed significant differences among all the groups for all types of adaptation failures. There were no significant differences detected between all the groups in the cohesive failure. Multiple group comparison was done using MannWhitney's with Bonferroni correction (p < 0.0083). From the multiple comparison test, two pairs of groups differed significantly (OS and SBU, p = 0.004; Group OV and SBU, p = 0.001) in composite-adhesive adaptation failure. Whereas, OV and SBU were significantly different (p = 0.006) in dentine-adhesive adaptation failure. between 27 to 31 µm. Figure 2 shows SEM image of hybrid layer of selected OV specimen. It shows a welldefined and continuous hybrid layer, but thinner compared to OS. There were numerous short resin tags seen with the length ranged between 9 to 19 µm.
Types of Adhesive Systems
Mean average thickness of hybrid layer (µm)(SD) Figure 1 shows SEM image of selected OS specimen, with respect to the hybrid layer thickness. A well-defined hybrid layer, which was thick and continuous, can be seen. Numerous well defined resin tags were observed infiltrating into the dentine tubules, with the length ranged SEM image in Figure 3 shows a very thin, continuous and poorly defined hybrid layer in selected SBU specimen. No resin tags were observed in this group. SEM image of selected SBU + etchant specimen in Figure 4 shows a moderately-defined hybrid layer and considerably thick. Less number of resin tags was noted with length ranged between 13 to 21 µm. Figure 5 and 6 showed examples of cohesive and adhesive failures observed in SBU + etchant and SBU groups respectively.
SEM QUALITATIVE EVALUATION

DISCUSSION
The purpose of this study was to evaluate and compare the bonding performance of the three latest adhesive systems (OS, OV and SBU). The evolution of these three latest adhesive systems could address the main concern of adhesive dentistry, which was to enhance the sealing and strength of restorations. Specifically with regard to the recent single bottle self-etch adhesive (SBU), it claimed an effective and consistent bonding in either modes of technique such as total-etch or self-etch. However, the present study showed that there were micro-morphological differences at the resin-dentine bonded interface when using either the total-etch or self-etch adhesive system. The null hypothesis was then rejected.
The most noticeable difference was the hybrid layer thickness. Total-etch adhesives (OS, Group 1) showed a significantly greater hybrid layer thickness compared to self-etching adhesive systems (OV and SBU)( Table  2 ), This observation was in agreement with previous similar studies (24, 25) and could be due to the complete dissolution of the smear layer and smear plug following greater depth of dentine demineralization promoted by the 37.5% phosphoric acid (25) . Most of the adaptation failures (adhesion and cohesion) were detected in the specimens of SBU, self-etch mode (Table 3 ). In comparison with other groups of specimens, SBU (self-etch mode) only showed significance relationship with OS and OV in adhesive failure. Formation of resin tags was observed in the other groups of specimens but it was not visible in specimens of SBU, self-etch mode (Figure 3) .
In order to minimize measurement bias between operators, cavity preparations were done by one operator while the restorative procedures were carried out by another operator. The cavities were restored with different adhesive systems according to the manufacturers' instructions to prevent procedural errors. All cavities were restored with two increments of composite to reduce polymerization shrinkage. To allow optimal observation of specimens under SEM, the sectioned samples were polished with increasing grit of silicon carbide paper. In addition, the specimens were demineralized and deproteinized by HCl and NaOCl to ensure optimal exposure of hybrid layer and resin tags. In this study, a minimum of three SEM images were taken for each specimen. In addition, at least three independent readings of hybrid layer thickness were taken from each SEM image. This was done to ensure the average value obtained for each samples were representative of the whole specimen.
Cohesive and adhesive failures were calculated by using point counting technique (26) . Firstly, all SEM images were standardized to a fixed dimension. Three horizontal lines were drawn at the composite-adhesive junction, adhesive layer and dentine-adhesive junction respectively. Fourty vertical lines were drawn throughout the image intersecting the horizontal lines. The numbers of intersection point with failure were recorded according to adhesive and cohesive failure. The percentages of failure were counted by the ratio of total number of intersection points with failure to total number of intersection point.
Statistically, modification of sample size of group 3 (SBU) has been done as one out of ten samples showed an exceptionally thick hybrid layer that did not seem to fit with the majority of the data set. Subsequently, the initial sample size of fourty was reduced to thirty nine prior to statistical analysis. This outlier was eliminated to improve the accuracy of the overall statistical results.
It can be said that there was a discrepancy in bonding performance detected in the present study among pairs of groups between SBU (self-etch) and SBU + etchant (total-etch); OS and OV; OS and SBU (self-etch); OV and SBU (self-etch) as a significant difference was observed in the hybrid layer thickness. This is most probably due to the difference in acidity of etchant present in self-etch mode and total-etch mode. Total-etch utilizes phosphoric acid, a strong acid with an approximate pH of less than 0.5 to completely dissolve the smear layer and increase the depth of dentine demineralization with greater exposure of collagen fibre (27, 28) . In contrast, the acidity stems from the SBU originate from the addition of acidic phosphorylated monomer in an aqueous solution to provide acidity, which is commonly less acidic (pH 2.7) than total-etch systems. In addition, demineralizing action in the self-etch procedure will be affected by the residue dentine demineralization by-products which may act as buffering agent. A more superficial infiltration of the adhesive system is achieved when these by-products were synergized with incomplete removal of smear layer, thus resulting in decrease thickness of the hybrid layer compared to total-etch adhesive systems (28, 29, 30) .
There was significant difference in hybrid layer thickness detected between the two self-etching adhesives (OV and SBU). Higher concentration acid in OV (pH 1.6) as compared to SBU (pH 2.7) results in more profound removal of smear layer and greater depth of demineralization thus, thicker hybrid layer. Single-bottle self-etching adhesives (SBU) could be more hydrophilic than two-bottle self-etching adhesives (OV), which is necessary for acid monomer's ionization (8) . This implies that they contain smaller amount of hydrophobic monomers thus this explains their high hydrophilicity and low viscosity, and responsible for the creation of a sparser layer of dentine bonding (31) . A relatively low acid concentration may account for the absence of resin tags formation in SBU due to incomplete removal of smear layer (32) .
Higher adaptation (adhesion and cohesion) failure rate of SBU could be explainable by previous studies on water concentration in single-bottle self-etch adhesive and its effect in bonding efficacy to dentine. As aforementioned, a high hydrophilicity of single-bottle selfetch adhesives is necessary for acid ionization. However, this may disrupt the bonding durability because they tend to attract water. Partial evaporation of water will give rise to formation of microscopic water tubules at the adhesive interfaces. Although evaporation is successful, water will flow back from the bonded dentine through the hybrid and adhesive layers into composite-adhesive interface. This phenomenon might cause partial polymerization of the adhesives, lead to an inferior mechanical properties, and subsequently higher susceptibility of degradation (31, 33, 34) .
Nevertheless, it is possible that these adaptation gaps may have originated from or may have been increased due to desiccation caused from SEM procedure. However, since no gaps were observed in the other adhesive system groups, and since all specimens were treated equally, the differences are attributed to the bonding potentiality of the SBU system.
CONCLUSION
Within the limitation of this study, all the adhesive systems were able to form hybrid layer. Resin tags were detected in all the adhesive systems except in SBU (self-etch). Total-etch adhesive (OS) presented the thickest hybrid layer among the adhesive systems. SBU with total-etch mode clearly presented a thicker hybrid layer compared to self-etch mode. There was no correlation between hybrid layer thickness and adaptation failure. Further laboratory testing on these adhesive systems should be conducted to find the relationship between thickness of hybrid layer and presence of resin tags with bond strength.
